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We want to work with you to gain recognition for your research through worldwide visibilit y and high cit ations. As an EPL author, you will benef it fr om: Since its experimental discovery [1] , graphene has attracted significant attention in recent years due to the richness of its optical and electronic properties [2] [3] [4] . The unique band structure of graphene leads to many important potential applications in nanoelectronics, especially in the fabrication of ultrafast transistors [5] [6] [7] . As an ultrathin two-dimensional semiconductor, graphene also has unique optical properties and many important potential applications, such as optical limiters [8] and polarizers [9] .
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Although graphene exhibits almost uniform absorption within a large wavelength range, a single layer of graphene may absorb as much as 2.3% of the incident light [10, 11] , its optical absorption is minimal, which is not conducive to the fabrication of some optoelectronic devices, such as photovoltaics and photodetectors. One of the open challenges is how to increase light absorption in graphene. Several mechanisms have been proposed to enhance the absorption of graphene, including putting graphene inside an optical cavity [12, 13] , exploiting the physics of quantum dots on graphene [14] , using a uniaxial strain [15] , a graphene-based grating [16, 17] , and surface plasmon [18] [19] [20] . Recently it has also been shown that by use of a one-dimensional photonic crystal placed near the graphene layer, combining the presence of the band gap with an initial spacer layer the absorption can be enhanced by a factor of four [21] .
In this paper, we develop a new transfer matrix method based on the electromagnetic boundary conditions that Maxwell's equations required. Compared with the traditional transfer matrix method, the new method can be used to calculate the optical absorption of graphene at any position in stratified media. By using this new method, we investigate the optical absorption properties of a single graphene sheet in one-dimensional photonic-crystal (1DPC) heterostructures. We demonstrate that the optical absorption of graphene can be greatly enhanced up to almost 100% in the 1DPC heterostructures because of the strong photon localization in the layer of graphene.
A light beam is incident at the angle θ onto the 1DPC heterostructure from the left along the z-direction shown in fig. 1 . Based on the Maxwell equations, the electric field of the TE mode light beam in the l-th layer with incident angle θ is given by
and the magnetic field of the TM mode in the l-th layer is given by
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Xin-Hua Deng et al. where the TM (TE) mode is defined as the component of the magnetic (electric) field parallel to the interface of the 1DPC, and k l,z = (ω/c) 2 ε l − k 2 x is the z component of the wave vector in the l-th layer, ε l is the dielectric constant of the l-th layer. The transverse wave vector component, k x = k 0 sin θ, is preserved across all interfaces, k 0 is the wave vector in the incident medium. The propagation matrix (characterizing the free propagation through a given material) is given by
and the dynamic matrix (referring to the transfer through the boundary of two dielectrics, a derivation of the dynamic matrix is presented in appendix A) is
where κ l,z = k l,z for the TE case and k l,z /ε l,z for the TM case. To calculate the absorption, reflectance and refractance of light, an initial step is required, which is the calculation of the boundary values of the scattering problem. We can relate the fields on the left of the structure to the fields on the right as
where the transfer matrix of the whole medium T total is given by
Using A 0 =1 ,t h e nB 0 and A sub are given, respectively, by
If we denote
as the vector of the complex field amplitudes in the l-th layer, then the relationship between the vector of complex field amplitudes in the l-th layer and the (l + 1)-th layer is given by
The transfer matrix T l between the l-th layer and the substrate is given by the assembly formula
(11) The values of A l and B l can then be calculated using the vector of complex field amplitudes in substrate A sub and the transfer matrix T l ,
Then the complex amplitudes A l and B l are given by
The forward and backward Poynting vectors (see appendix B) in the air and in the l-th layer are given, respectively, by
For the TE case, β 0 = ε 0 /μ 0 and β l = ε 0 ε l /μ 0 ;f o r the TM case, β 0 = μ 0 /ε 0 and β l = μ 0 /ε 0 ε l ,w h e r e ε 0 (μ 0 ) is the vacuum dielectric constant (the vacuum permeability). The reflectance and refractance of the 1DPC can be obtained, respectively, by
where S + sub,z = β sub |A sub | 2 cos θ sub with β sub = ε 0 ε sub /μ 0 for TE polarization and μ 0 /ε 0 ε sub for TM polarization is the forward Poynting vectors in the emergence medium (substrate). The absorption in the l-th layer can also be obtained by
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A new transfer matrix method to calculate the optical absorption of graphene etc. By using eq. (21), the absorption of light can be calculated at any position within the stratified medium, provided that the complex amplitudes A l and B l are known. In what follows, as an example, we calculate the optical absorption of graphene in a 1DPC heterostructures by using the new transfer matrix method. The 1DPC heterostructure is composed of two quarter-wave 1DPC consisting of Si and SiO 2 . The thicknesses of the SiO 2 and Si layers are λ 0 /4 √ ε A0 and λ 0 /4 √ ε B0 , respectively, where λ 0 is the center wavelength of the input light beams and ε A0 (ε B0 ) is the permittivity of the Si (SiO 2 )l a y e r at λ 0 . In the following calculations, we choose these material parameters: refraction index of graphene layer n g =3 .0+iC 1 λ/3, C 1 =5 .446 μm −1 [22] , the thickness of the graphene monolayer is equal to 0.34 nm, center wavelength λ 0 = 550 nm, the permittivity of SiO 2 ε A = 1.4923
w h e r ec 1 =0.61497, c 2 = 0, 115 μm, and c 3 =0.01059 μm −2 [23] , λ is the wavelength of the light, ε B (ω) for Si is frequency dependent [24] .
We first calculated the photonic band gap (PBG) of a 1DPC sample without graphene. Numerical results are shown in fig. 2 . Due to the large permittivity difference between the Si and SiO 2 layers, a large omnidirectional PBG is located at 410 nm <λ<690 nm, and the center of the omnidirectional PBG is located at λ = 550 nm. Figure 3(a) shows the optical absorption of a graphene monolayer with and without the 1DPC heterostructure as a function of the light wavelength λ, we compare the absorption at the normal incidence of bare graphene (blue dash-dotted curve in fig. 3(a) ) and graphene placed in the defect layer of a 1DPC heterostructure (black solid curve in fig. 3(a) ). The optical absorption of the graphene monolayer without the 1DPC heterostructure is about 2.3% and independent of the wavelength in the visible wavelength region. In contrast, when the graphene is introduced in the defect layer of a 1DPC heterostructure, a more dramatic enhancement is obtained (black solid curve in fig. 3(a) ), there is almost 100% optical absorption at the center of the omnidirectional PBG λ = 550 nm.
To understand the almost 100% absorption of incident energy by graphene, we show the electric-field distribution in the structure PC1/graphene/PC2 in fig. 3(b) , the spectra reveal the electric field dramatic enhanced in the defect layer, a peak of the electric field appears at the position of graphene in the 1DPC structure. The asymmetric PC ((Si/SiO 2 ) 2 (SiO 2 /Si) 5 )f o r m e daλ/2S i O 2 defect layer, thus the graphene layer and the SiO 2 defect act as the defect layer of the structure, which will lead to photon localization on the defect layer. Thanks to strong photon localization in the defect layer, there is nearly 100% optical absorption at λ = 550 nm, which is about 43 times larger than that of bare graphene.
In fig. 4 , we plot the absorption maps of a graphene monolayer with a 1DPC heterostructure as a function of incident wavelength and angle of incidence for TE and TM polarized incident light, it is shown that the absorption peak moves toward shorter wavelengths with increasing incident angle θ both for the TE and TM modes (see fig. 4 ). It can be understood from the relationship between the propagation angle θ ′ and the resonant wavelength λ in a microcavity λ ∝ cos θ ′ [25, 26] , when the incident angle increases, cos θ ′ can be decreased, the resonant peak moves toward shorter wavelength. So the absorption of graphene can be tuned by varying the incident angle θ.
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Xin-Hua Deng et al. To get a perfect matching of N PC1 and M PC2 to achieve the maximum absorption value, we consider more {N PC1 ,M PC2 } case, in fig. 5 , we represent the absorption peak value with respect to N PC1 and M PC2 ,o n e can observe the presence of an optimal number of periods N PC1 and M PC2 that maximize absorption. As is shown in fig. 5 N PC1 =2 ,M PC2 has little or no influence when M PC2 ≥ 4. Why the {N PC1 =2 ,M PC2 ≥ 4} case is the best in terms of absorption can be understood from the following explanation. PC1 and PC2 form a Bragg cavity, PC1 acts as a Bragg reflector, and also as the medium which introduces incident light into the Bragg cavity, while PC2 simply acts as a Bragg mirror, when N PC1 and M PC2 are relatively large, the light inside the cavity can be sufficiently reflected and localized in the cavity, however, when N PC1 is relatively small, the incident light outside the cavity can be sufficiently introduced into the cavity, so when N PC1 =2a n dM PC2 ≥ 4, light is fully localized and absorbed in the cavity shown in fig. 5 . By varying the period number of the two PCs, one can tailor the maximum absorption value in the structure.
In conclusion, we developed a new transfer matrix method based on the electromagnetic boundary conditions that Maxwell's equations required. Compared with the traditional transfer matrix method, the new method can be used to calculate the optical absorption of any layer at any position in stratified media. By using this new method, we investigate the optical absorption properties of a single graphene sheet in 1DPC heterostructures. We demonstrated that the optical absorption of graphene can be greatly enhanced up to almost 100% in the 1DPC heterostructures because of the strong photon localization in the layer of graphene. * * * Appendix A: details of calculation of the dynamic matrix (referring to the transfer through the boundary of two dielectrics). -Here we give, for completeness, a derivation of the dynamic matrix. For the TE polarization, the electric field of the light beam in the l-th layer with incident angle θ is given by
where k l,z = (ω/c) 2 ε l − k 2 x is the z component of the wave vector in the l-th layer, ε l is the dielectric constant of the l-th layer. The transverse wave vector component, k x = k 0 sin θ, is preserved across all interfaces, k 0 is the wave vector in incident medium. From Maxwell's equations, the magnetic field is given by
At the interface between the l-th layer and the (l + 1)-th layer the boundary conditions are given by
From eqs. (A.3) and (A.4) we can obtain the relationship
(A.5)
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Then the relationship of the complex amplitudes of the electric field between the l-thlayerandthe(l + 1)-th layer can be obtained by
where D l,l+1 is the dynamic matrix (referring to the transfer through the boundary of the l-thlayerandthe(l+1)-th layer) can be obtained by
where μ l = μ l+1 = 1 for non-magnetic media, κ l,z = k l,z /μ l = k l,z ,a n dκ l+1,z = k l+1,z /μ l+1 = k l+1,z . For the TM polarization, the magnetic field and the electric field of the light beam in the l-th layer with incident angle θ are given, respectively, by .8) and
At the interface between the l-t hl a y e ra n dt h e( l + 1)-th layer the boundary conditions are given, respectively, by
From eqs. (A.10) and (A.11) we can obtain the relationship
(A.12)
Then the relationship of the complex amplitudes of the magnetic field between the l-th layer and the (l + 1)-th layer can be obtained by
1 − κ l+1,z /κ l,z 1+κ l+1,z /κ l,z , (A.14)
where κ l,z = k l,z /ε l and κ l+1,z = k l+1,z /ε l+1 .
Appendix B: the forward and backward Poynting vectors. -For the TE polarization, the forward and backward Poynting vectors in the l-th layer are given, respectively, by 
